A longstanding conundrum in community ecology is the frequent observation of long-term co-occurrence of species occupying the same trophic level, especially in relatively simple environments. Hutchinson (1961) is famous for introducing the so-called paradox of the plankton, noting according to the principle of competitive exclusion (Hardin, 1960) … we should expect that one species alone would outcompete all the others so that in a final equilibrium situation the assemblage would reduce to a population of a single species (Hutchinson 1961, pg. 137). Others (Cropp and Norbury, 2012) quote the same principle of exclusion (Gause, 1934; Hardin, 1960) to indicate that the number of species cannot exceed the number of limiting resources; in the case of phytoplankton, this might increase the null expectation roughly by an order of magnitude (e.g., ~15-20 species based on Hutchinson, 1961; Wilson, 1990) . Regardless of which value is used, deviations from these expectations in real communities can be quite striking, as evidenced by the species lists for 33 well-studied lakes (see Tab. 1 of Dodson et al., 2000) . Phytoplankton species richness, for example, ranged from 20 species to a staggering 234 species (mean=114). Species richness of zooplankton (cladocerans and copepods), which constitutes a second example of the paradox of the plankton (Hutchinson, 1961; Fox et al., 2010; Masclaux et al., 2012) , also deviated from the former expectation, albeit less markedly so (mean=13, range 3-25). Many potential mechanisms have been advanced for the coexistence of so many species, including niche differences, trade-offs between competitive ability and predation risk and the storage effect; I will not go into any detail on them, but these and other mechanisms have been amply reviewed elsewhere (Wilson, 1990; Roy and Chattopadhyay, 2007; Fox et al., 2010; Hayashi, 2011) .
INTRODUCTION
A longstanding conundrum in community ecology is the frequent observation of long-term co-occurrence of species occupying the same trophic level, especially in relatively simple environments. Hutchinson (1961) is famous for introducing the so-called paradox of the plankton, noting according to the principle of competitive exclusion (Hardin, 1960) … we should expect that one species alone would outcompete all the others so that in a final equilibrium situation the assemblage would reduce to a population of a single species (Hutchinson 1961, pg. 137) . Others (Cropp and Norbury, 2012) quote the same principle of exclusion (Gause, 1934; Hardin, 1960) to indicate that the number of species cannot exceed the number of limiting resources; in the case of phytoplankton, this might increase the null expectation roughly by an order of magnitude (e.g., ~15-20 species based on Hutchinson, 1961; Wilson, 1990) . Regardless of which value is used, deviations from these expectations in real communities can be quite striking, as evidenced by the species lists for 33 well-studied lakes (see Tab. 1 of Dodson et al., 2000) . Phytoplankton species richness, for example, ranged from 20 species to a staggering 234 species (mean=114). Species richness of zooplankton (cladocerans and copepods), which constitutes a second example of the paradox of the plankton (Hutchinson, 1961; Fox et al., 2010; Masclaux et al., 2012) , also deviated from the former expectation, albeit less markedly so (mean=13, range 3-25). Many potential mechanisms have been advanced for the coexistence of so many species, including niche differences, trade-offs between competitive ability and predation risk and the storage effect; I will not go into any detail on them, but these and other mechanisms have been amply reviewed elsewhere (Wilson, 1990; Roy and Chattopadhyay, 2007; Fox et al., 2010; Hayashi, 2011) .
A closely allied area of investigation in evolutionary ecology has focused on mechanisms that may promote the coexistence of closely related species, such as congeners. Because of the considerable evolutionary history shared among congeners, it is expected that they will tend to resemble each other more than distantly related species and, furthermore, that they may compete most strongly for limiting resources (Darwin, 1859) . Again making reference to the principle of exclusion, one would predict that the probability of long-term co-occurrence would accordingly be negatively correlated with phylogenetic relatedness. However, congeners are frequently observed to co-occur in local phytoplankton (and other) communities. In Lake Biwa, for example, it is estimated that there are 88 phytoplankton species (Horie, 1984) , representing five Classes and 52 genera. Several genera were represented by three or more species, with the desmid Staurastrum being represented by seven species. With regard to zooplankton, this pattern was nonexistent for copepods, very weak for cladocerans and extremely pronounced for rotifers, with 80 species of the latter group being represented by only 32 genera and three genera (Lecane, Brachionus, Trichocerca) contributing roughly a third of the total diversity (10, 9, and 8 species, respectively). Niche differences and character displacement are often cited as facilitating the co-occurrence of congeneric animal taxa N o n -c o m m e r c i a l u s e o n l y (Schluter, 2000; Lu et al., 2011) . For primary producers, these explanations are complicated by arguments that competition for nutritionally essential (or, non-substitutable) resources such as nitrogen or phosphorus may favour character convergence rather than character divergence (Abrams, 1987 (Abrams, , 2012 Fox and Vasseur, 2008) . Depending on how frequently such convergence occurs between distantly related species, this may complicate the interpretation of phylogenetic signal calculated for relevant traits or the degree to which phylogenetic relatedness predicts the outcome of species interactions. Indeed, a meta-analysis by Cahill et al. (2008) did not find a significant relationship between strength of interspecific competition and phylogenetic relatedness across a sample of 142 species of eudicot and monocot plants. Interestingly, the relationship was significant within one group (monocots) but not the other.
Here, I discuss the field of phylogenetic community ecology, with a special emphasis on how it may be applied to plankton communities. Broadly speaking, phylogenetic community ecology marries community ecology approaches with phylogenetic information to inform studies of community organization (Webb et al., 2002) . The seminal papers in this area are generally considered to be Webb (2000) and Webb et al. (2002) , with the former paper introducing the modern approach to measuring phylogenetic community structure and the latter providing a broader overview of three major classes of questions that can be addressed when combining information on phylogenetic relatedness of species with distributional and trait data for species. Described by some as a bandwagon (Fox, 2012) , the field of phylogenetic ecology has been witness to a veritable explosion of papers in the past decade or so, with the majority of them focusing on plant communities (Vamosi et al., 2009) . Turning our attention to plankton, literature searches reveal ongoing interest in community structure and common application of molecular techniques. However, searching the ISI Web of Science Science Citation Index Expanded database with search criteria TS=phylogenetic community AND phytoplankton or TS=phylogenetic community AND zooplankton led to only one paper from the latter search (Helmus et al., 2010) . Changing the second term to the less specific *plankton led to three additional hits, but all focused on bacterioplankton (Fernandez-Guerra and Casamayor, 2012) . Although not exhaustive, with a relevant paper by Litchman et al. (2010) not being uncovered by these searches, similar searches with other taxa typically lead to many more hits (S.M. Vamosi, personal observation) . In the main text, I will cover three areas: i) an overview of historical and modern approaches to incorporating information about species relatedness into studies of community organization, ii) a consideration of the findings of a few attempts to apply a phylogenetic community ecology to plankton communities, and iii) general and specific concerns that researchers intending to apply these approaches to plankton communities should be aware of. Finally, I end with a brief synopsis and look ahead to future investigations in this area.
PHYLOGENETIC COMMUNITY ECOLOGY -A BRIEF REVIEW
The factors influencing the presence (absence) and relative abundance of a set of potentially interacting species in a sample of communities have long been the subject of study in ecology. An early series of investigations, related to the focal topic of the current paper, applied so-called 'species-to-genus ratios' in biogeographical studies (Elton, 1946; see Järvinen, 1982 for a review). In the absence of good information on hypothesized phylogenetic relationships among all coexisting species, researchers would calculate the average number of species per genus for focal communities and attempted to correlate variance in these ratios with attributes of the communities, such as distance to mainland. A low species to genus ratio was taken to imply the coexistence of distantly related species, whereas a high species to genus ratio was interpreted as evidence for the converse. Furthermore, a finding of low species to genus ratios was taken as evidence that closely related species (e.g., congeners) competed strongly, which was limiting their ability to coexist (Elton, 1946) . Elton (1946) , for example, included a few studies of plankton, which generally revealed low ratios (e.g., 1.19-1.32 for zooplankton from three lakes, pointing to the possible influence of competition in determining local community composition. Although it was applied in a large number of studies -indeed, literature searches reveal limited uses even in the present era (Drovetski et al., 2010 ) -a number of concerns have been raised over the years about its use. A major issue sprung from the fact that, unless all genera are monotypic, the number of genera will always be less than that of the number of species. Consequently, larger samples will produce higher species to genus ratios than small samples (Gotelli and Colwell, 2001) , severely limiting the ability to make meaningful comparisons among communities with markedly different species richness values, such as those on islands versus those on mainlands.
The modern field of phylogenetic community ecology was formally launched by Webb (Webb, 2000; Webb et al., 2002 ; see also reviews by Cavender-Bares et al., 2009; Kembel, 2009; Vamosi et al., 2009) . Webb (2000) capitalized on the rapid accumulation of molecular phylogenies (APG, 1998; see Webb, 2000 for others) and combined that with data on the composition of tree species in 28 0.16-ha plots in Gunung Palung National Park, Indonesia. His method involved generating a hypothesized phylogeny for all 324 species encountered across all plots (i.e., the regional pool), and comparing the N o n -c o m m e r c i a l u s e o n l y phylogenies of species in plots with randomly generated phylogenies of equal species richness. Doing so represents a large leap forward from species to genus ratios because the entire phylogenetic structure of each community is considered, each genus is not counted as a single entity, and disputes about generic assignments become largely irrelevant. Two metrics were introduced in this paper: Net Relatedness Index (NRI) and Nearest Taxa Index (NTI; see Vamosi et al. 2009 for a summary of several alternative metrics). NRI provides a measure of mean pairwise nodal distance, or the phylogenetic clumpedness of taxa over the whole pool phylogeny (Webb, 2000, pg. 147) , whereas NTI is a measure of the mean nearest nodal distance, or the degree of clumping among terminal taxa (or, tips) in the community. He found that NRI did not differ significantly from the random expectation, whereas NTI was significantly greater than expected, indicating greater clumping near the tips than expected by chance, which is now typically referred to as phylogenetic clustering. These findings were interpreted as support for the hypothesis that diversity in the forest was maintained by habitat partitioning, although it would more commonly be called habitat filtering now i.e., different habitats will select for groups of species that possess traits that allow them to successfully persist there. Provided that there is phylogenetic signal for the traits (i.e., phylogenetic distance between species is positively associated with similarity of their trait values), it is expected that different habitats will be characterized by different groups of closely related species (Fine and Kembel, 2011) .
PROGRESS TO DATE
As alluded to previously, there appears to be relatively limited application of the phylogenetic ecology approaches outlined here to studying phytoplankton or zooplankton communities. Interestingly, plants are the dominant taxon (and, accordingly, primary producers are the dominant trophic level) in studies of terrestrial communities. Helmus et al. (2010) tested the hypothesis that disturbance should result in increased phylogenetic clustering using a rich dataset that contained zooplankton records from 18 disturbed and 16 control lakes. This investigation is notable for setting up a priori hypotheses about patterns expected in the two groups, rather than simply fitting post-hoc explanations to the results emerging from the analyses. A broad range of physical, chemical and biological disturbances were included in the study, although increases/decreases in water levels, increases in nutrient levels, acidification and increases/decreases addition/removal of fish species were common themes. For their regional pool, they obtained sequences for 56 of 67 taxa from Genbank and reconstructed hypothesized phylogenetic relationships to produce three most-parsimonious trees, after which the 11 taxa without sequence data were grafted onto the trees. Cobbling together supertrees for the regional pool using a combination of previously collected sequences, sequences generated specifically for the study and/or manually editing the phylogeny's Newick string to insert unsequenced taxa with reference to taxonomic affiliations is perhaps unsurprisingly common in phylogenetic community ecology studies (see Vamosi and Vamosi, 2007) . Even when the results are argued to be robust to the underlying regional pool phylogeny, I believe the field would benefit from i) more researchers producing robust, dated phylogenies for their species with multiple markers and ii) further investigations into the scenarios under which results are most sensitive to phylogenetic quality. Helmus et al. (2010) calculated the phylogenetic species variability (PSV) of each zooplankton sample; this metric ranges from 0 (indicating clustering) to 1 (indicating evenness) and is most analogous to NRI (Helmus et al., 2007) . As predicted, the phylogenetic clustering of zooplankton communities increased on average after disturbances were applied to lakes. The mean effect (-2.3% for 16 disturbance-reference paired comparisons, -2.7% based on unpaired difference between 18 disturbed and 16 control lakes) was quite modest, with the change in PSV ranging from +0.02 to -0.04 in 14 lakes and reaching -0.06 to -0.12 in only four lakes. Regardless, the approaches taken in this investigation can be viewed as an excellent starting point for related studies on phytoplankton community assembly.
PHYLOGENETIC COMMUNITY ANALYSIS WORKFLOW
Because my literature searches uncovered relatively few phylogenetic ecology studies focused on plankton communities, I have sketched out a rudimentary workflow ( Fig. 1 ; see also Swenson 2013 for an independently derived analogue). Three caveats are probably best spelled out here. First, I strongly caution the reader not to treat this as a foolproof or exhaustive recipe for successfully carrying out future studies, just as phylogenetic clustering or evenness should not immediately be equated with evidence for habitat filtering or competitive exclusion, respectively (see also next section). That being said, it is also worth noting that few existing studies have considered/met all points shown, especially the final one (i.e., validating the results of one investigation by analyzing another set of communities or by carrying out manipulative experiments). Finally, this is almost certainly a biased view of how to proceed, and many readers will recognize the resemblance to the model-selection philosophy espoused by Burnham and Anderson (2002) . With those reservations (and the concerns that follow below) in mind, it is my hope that this workflow provides some guidance to those contemplating adopting these approaches. 
GENERAL CONCERNS
Increasingly, concerns have been expressed about various elements of the phylogenetic community ecology enterprise. The issue that will likely prove most difficult to resolve was that raised by Mayfield and Levine (2010) , which is that competitive exclusion can lead to either phylogenetic clustering or evenness. Readers are encouraged to carefully read the original paper, which bases its arguments on modern coexistence theory (see also Chesson, 2000; Adler et al., 2007) , but I will attempt to sketch out the main points here. In essence, it is argued that the potential for coexistence of competing species is mediated by the interaction between two types of differences, niche differences and competitive ability differences (see Fig. 2 of Mayfield and Levine). On their own, niche differences positively affect the likelihood of coexistence whereas the converse is true for differences in competitive ability. Getting back to the issue, the two outcomes in phylogenetic structure are possible when there is a phylogenetic signal to niche differences (potentially leading to evenness) and competitive ability differences (leading to clustering). Whether these arguments will prove fatal to studies of phylogenetic community structure or instead will stimulate the introduction of a revised framework remains to be seen. At present it minimally means that researchers should include ecological relevant traits and have a good understanding of how they may affect coexistence, because it is not sufficient to demonstrate phylogenetic conservatism in easily measurable traits, which may not actually be functional traits (Vamosi et al., 2009; Swenson 2013) .
Although generally supportive of studies of phylogenetic community structure, Vamosi et al. (2009) encountered several shortcomings in studies that were available at that time. The one that I would like to highlight here is one that is increasingly being discussed in the literature, which is increased transparency of raw data upon which subsequent inferences are based. In collating studies for what would be the first quantitative survey of such studies, we encountered several papers that did not report such basic information as number of sites included and total number of species. As endorsed by a growing number of leading journals (e.g., Molecular Ecology, Evolution), uploading raw data (e.g., accession numbers for DNA sequences, Nexus files of the phylogenies for the regional pool and local communities, ecological trait data, species lists for all sites) to permanent archives such as Dryad (http://datadryad.org/), ideally starting with the review process, would be desirable for all future studies.
A final comment is that calculating NRI and NTI values (or similar; see Vamosi et al., 2009 for a treatment of other metrics) for a series of communities for which data were handy should not be viewed as an end result (see also Fig.  1 ). Certainly, many older papers on plankton community structure present data on species distributions, which could be revisited with information on phylogenetic relatedness of the constituent species and data on traits; from this perspective, two classic papers on zooplankton and phytoplankton community structure look very promising (Lynch, 1979; Lynch and Shapiro, 1981) . Independent of criticisms such as those raised by Mayfield and Levine (2010) , causation cannot be inferred from pattern alone, yet it is not uncommon to find papers on phylogenetic community structure that do little more than speculate about mechanisms from a series of NRI/NTI values. Webb (2000; pg. 146) , in launching the field, was pragmatic about the place of such metrics in the bigger picture: Fully addressing the relationship between the phylogenetic relatedness of a community and the ecological similarity of its species will be a Fig. 1 . A potential workflow for a phylogenetic community structure analysis, illustrating the basics of the main steps, such as properly motivating the study with a priori hypotheses and predictions (box in top section), obtaining relevant pieces of data (boxes in middle section), and carrying out and validating analyses (boxes in bottom section). Arrows should not be interpreted too strictly; minimally, collecting functional trait data need not wait on environmental data. Calculating phylogenetic signal for traits has not been explicitly included in the diagram, but would likely be undertaken either in tandem with generating robust phylogenies or as part of the phylogenetic community structure analyses. (Vamosi and Vamosi, 2007; Silver et al., 2012) .
SPECIFIC CONCERNS
With regard to plankton, especially phytoplankton, I expect researchers will grapple the most with two issues: i) reconstructing hypothesized phylogenetic relationships, and ii) determining and measuring the relevant (suites of) functional traits. The former is actually a multi-faceted issue, resulting from the high species richness of phytoplankton, which is a somewhat artificial grouping of several speciesrich taxa, some of which are very distantly related to the others (e.g., Cyanophyceae vs all others, Chlorophyceae vs Dinophyceae) and the difficulties in delineating appropriate community scales and regional pools. For studies focusing on marine communities, the regional pool for any study will be some hard-to-define subset of a total pool of 3000-5000 species (Tett and Barton, 1995) . Although one can simply equate the regional pool as simply being the total list of species from all local sites, this could unintentionally result in not observing particular plankton taxa (e.g., entire genera) in local sites even though they are present in the larger area. Such a scenario might apply, for example, when sampling a relatively homogenous set of lakes (e.g., all with relatively low pH), none of which contain groups of species found in the region but sensitive to those particular conditions (Holopainen, 1992) . Because these taxa would not be included in a regional pool that was simply the sum of species encountered in sampled lakes, this pH-mediated habitat filtering would not being detected in this case (see also Webb, 2000; Fine and Kembel, 2011) . With regard to freshwater communities, although the local regional pool is likely to be smaller there is still a fair amount of uncertainty in the phylogenetic relationships within and among the major subgroups (Bruggeman, 2011; Friedl and Rybalka, 2012) , and researchers will still need to select their local sampling sites and characterize their regional pools with care. The latter issue is partially also the result of high species richness, with detailed ecological data likely missing from a large proportion of extant phytoplankton species (Bruggeman, 2011) . Phyto-PhyloPars (Bruggeman et al., 2009; Bruggeman, 2011 ; http://www.ibi.vu.nl/programs/phylopars/phytoplankton) is a promising approach to dealing with these data gaps, using a phylogenetic approach to estimate data on several traits, namely four size measurements (length, diameter, surface area, volume), maximum growth rate, phosphate affinity and edibility, extrapolated from over 1000 observations on freshwater species. These are unlikely to be the only relevant traits, but it is encouraging to note that others have identified possible candidates and advocated the creation of an easily accessible electronic trait database for phytoplankton (Litchman et al., 2010) . Such efforts could be very fruitful if paired with existing taxonomic databases, such as AlgaeBase (Guiry and Guiry, 2013 ; http://www.algaebase. org/). I would argue that neither component (i.e., phylogenetic relatedness and functional traits) should be viewed as more important than the other. Indeed, Swenson (2013) has enumerated the advantages and disadvantages of both types of data/analyses and I believe that they are most informative when considered together.
CONCLUSIONS
Over fifty years ago, Hutchinson (1961) introduced his famous paradox of the plankton, spurring considerable research into the mechanisms that promote the long-term co-occurrence of many species in relatively simple environments. Argued by some to no longer be a paradox (Cropp and Norbury, 2012) , the maintenance of diversity at local, regional and global scales nevertheless remains a fundamentally important question in ecology and evolutionary biology. With reference to phytoplankton communities, a survey of the literature reveals continued interest into these questions from pure and applied perspectives (Beaver et al., 2013; Chust et al., 2013; Larroude et al., 2013) . In this paper, I provided a brief overview of the growing field of phylogenetic community ecology in the hopes of encouraging more researchers to apply this framework to outstanding questions in phytoplankton (and zooplankton) community assembly. The study of responses of phytoplankton communities to disturbances by Helmus et al. (2010) provides a good example of this approach, which I recommend that others consult as they plan and carry out related investigations. Hopefully, the schematic I provided in Fig. 1 will help guide the initial explorations of some future practitioners. Once more studies have documented prevailing trends in phylogenetic community structure, it is hoped that these approaches can be applied to other questions, such as the impacts of phylogenetic diversity on ecosystem function (Cadotte et al., 2011) and stability (Cadotte et al., 2012) . Although there are outstanding issues that need to be resolved, investigating the phylogenetic structure of plankton communities may enhance ongoing investigations and, in some cases, reveal fruitful areas for future work. 
